Introduction
The context of this paper is Ohio Northern University, a small private undergraduate institution in the Midwest U.S. The ONU College of Engineering houses roughly 450 students in five majors residing in three departments. Mechanical (ME) and civil engineering (CEE) are both one-major departments, while electrical engineering, computer engineering, and computer science majors compose the ECCS Department. A sixth major, engineering education (EngEd), is housed within the college but is not part of any department. There is no graduate program in the college.
The senior design project, or capstone, has been a required part of each engineering major since the 1980s. Each department developed its course independently, and they remained independent until combined for the 2016-17 academic year. So long as each capstone project was contained entirely within one department, the separate capstone courses served their purpose well. But in 2004, the college began to experiment with multidisciplinary capstone projects. 1 Since then, the proportion of projects involving multiple engineering and computer science disciplines has grown to nearly one-third of all projects, though this varies year to year. Joint ME / ECCS projects have been common. 2 Students of the CEE department have participated in multidisciplinary projects such as the design of a solar array for a partner in Haiti, an alarm system for snow-loading on a factory roof, and another which culminated in the construction of three 400 kW wind turbines on the west edge of campus. 3 Engineering education majors have also been integrated into multidisciplinary capstone projects with students both inside and outside the college.
Interdisciplinary projects have been a growing trend in undergraduate engineering education for some time now. 4, 5 Indeed, the ABET Engineering Accreditation Commission criterion 3(d) specifies that students should demonstrate an ability to function on multidisciplinary teams. 6 Engineers and computer scientists quite often work in multidisciplinary teams, 7, 8 thus it is proper that undergraduate education should model this environment whenever possible.
Yet the department-specific capstone structure set unnecessary hurdles in the path of students on multidisciplinary projects. Each course had its own schedule and set of requirements. A faculty member sometimes advised two different teams running on two different syllabi, leading to misinformation given to students as well as frustration on the part of the advisor. Students on a multidisciplinary project running on the rules from another department would hear deadlines announced in class that did not apply to them, and would likewise be surprised by other deadlines that were only announced to their teammates in another department. The number of credit hours assigned to the experiential capstone course also varied by department, so teammates were often receiving different credit for the same project. Such challenges are typical for multidisciplinary team efforts and have also been documented by others. 9, 10, 11 Courses exist at other universities to support multidisciplinary capstone efforts, but no analog was readily found of a single college-wide, two-semester capstone course which is the default option for all students in a multiple-department engineering school. A number of universities include an optional multidisciplinary capstone experience, such as The Ohio State University, 12 University of Florida, 13, 14 Carnegie Mellon, 15 and Cal. Polytechnic SLO, 16 but list a departmentor major-specific course as the standard capstone experience. Marquette University has a onesemester Senior Design Project course cross-listed in four departments (e.g. BIEN 4998 17 ), though projects are still primarily identified with a particular discipline. 18 The Colorado School of Mines (CSM) originally piloted a multidisciplinary capstone option in the early 1990s which spanned eight engineering disciplines. 19 CSM now lists a common two-semester capstone course for all civil, electrical, environmental, and mechanical engineering undergrads, 20 which covers four of the eleven engineering majors offered. This is the most similar to the new course at ONU, except that the CSM course does not include computer engineering or computer science majors.
Goals and Challenges
The initiative to harmonize the capstone experience through a single college-wide course began in earnest in 2015-16, when an ad hoc committee represented by one member of each department met to work out a proposed framework for the new course. The goal was to create a single course to unify the project portion of the capstone design experience. This two-semester course sequence would enroll all students with senior standing in the college, synchronizing the number of credit hours in each course, outcomes, deliverables, grading, and schedule. The efforts of this committee and further detail of the prior state of departmental capstone and design courses can be found in the referenced paper. 21 (It should be noted that each department retained disciplinespecific courses to cover project management skills, engineering economics, and the process of design.)
The general framework created by the ad hoc committee was passed to a single faculty member to act as the course administrator. This administrator, or Capstone Coordinator, worked with departmental representatives to create a syllabus, schedule, and assessment tools and methods for the course. Negotiation was required to reach agreement on common objectives, language, grading, content of student reports, and presentations. The biggest challenge in this phase was to reconcile the course schedule and requirements to accommodate two different types of projects: those in which a prototype is created, and those which culminate in a detailed design where a prototype is not feasible (generally due to the scale or cost of the project).
The capstone processes for the ME and ECCS departments were focused around the design and construction of a prototype. This was most often a physical prototype, but also included coding projects and website designs. The fall semester project goal was the prototype design and purchase of required prototype components. Spring semester was spent building and testing the prototype, redesigning as required.
Civil engineering capstone projects, by contrast, rarely involve the construction of a prototype, but are rather focused on creating a detailed design and engineering drawings with an accurate cost estimate for a construction firm to implement. Rather than design in the fall and build in the spring, the various phases of the design process are spread over two semesters. Civil engineering projects are also much more driven by regulatory and professional design codes.
Due to this dichotomy, the Capstone Committee was unable to generate a single, completely unified set of report and presentation topics for all teams. On some items, separate provisions are specified for prototype-generation projects and engineering system projects. See the syllabus in the Appendix for examples, particularly "Report templates."
New Course Details
The new two-course sequence, entitled Capstone Design Experience 1 and 2, represents the experiential portion of the capstone design course which is common to all majors in the college. The fall semester course is one credit hour, and the spring course is two credit hours. The entire syllabus for the year-long course is provided in the Appendix, showing the list of course objectives and full details of the course structure and administration.
There is no uniform scheduled meeting time for either course. Teams are required to meet weekly with their faculty advisor to report their progress. Teams must also schedule their own meeting times to work on the project. With no common meeting time, all communication with the approximately 100 students must be done through the learning management system (Moodle) and email. The course coordinator has attempted to communicate as much information as possible through the detailed syllabus.
Capstone projects come from various sources, including corporate, government, or private sponsors, faculty, students, and external competitions. There is no project fee for capstone projects; external corporate or private project sponsors must only pay for any components purchased specifically for the project. Projects are identified in the spring semester, and juniors are assigned to project-specific teams before they leave for the summer.
All faculty in the college advise one or two capstone teams. This is and has long been part of the standard faculty load for engineering and computer science faculty. Multidisciplinary teams generally have one faculty advisor from each represented department. The Capstone Coordinator is currently a college faculty member receiving one course release per year for the duty. Once the course is well-defined, this role may be transferred to an administrative position.
The Capstone Coordinator and the faculty advisor(s) share access to a common gradebook, one for each team. The coordinator enters some data which is collected centrally from peer evaluations or presentation reviewers, and the advisor enters grades for other items such as report grades and the completion of team objectives. The grading breakdown is fundamentally the same for both semesters. The following four categories are assigned equal weight for grading: objectives completed, peer and advisor ratings, presentations, and documentation.
Objectives Completed: In the fall, students are graded on whether they have completed their design objectives and how well they have adhered to their own project schedule. Prototype project teams must also order their parts before leaving for break. In the spring, advisors score their teams in this category according to how well they have completed the project, whether prototype or system design.
Peer and Advisor Ratings:
Students rate themselves and their peers' performance twice each semester using the standard CATME (Comprehensive Assessment of Team Member Effectiveness) instrument. 22 The Capstone Coordinator converts these numerical results into a percentage score for each student. These scores are then combined with an advisor-assigned rating for each team member to complete the score for this category.
Presentations: A total of seven presentations are required of capstone students. Three of these, two in the fall and one in the spring, are "Project Review Boards" (PRB). 23, 24 These are informal, 30-minute sessions, modeled after the review practice at an industrial partner firm, in which the team presents its progress by addressing a list of topics specified for that PRB in the syllabus. The board is composed of 3-5 engineering faculty, often joined by college alumni, representatives from local professional societies, and project sponsors. The purpose of the PRB is to provide critical feedback, suggestions, and guidance for the teams with the goal of improving project quality. Board members evaluate the team's progress and presentation according to a concise rubric, and these rubric scores are compiled and converted into a percentage score by the Capstone Coordinator.
Four other presentations are required in the spring. The Design Showcase is an opportunity for all teams to present their poster and prototype (as applicable) in a public forum in the campus student union. Representatives from each department's external advisory board judge these presentations. Teams give another poster presentation to the dean's Engineering Advisory Board, as well as a formal project presentation to their entire home department faculty and other capstone teams.
Students are also required to present their project to an audience outside the university. Often this is satisfied by presenting to the project sponsor. If the project is internally-sponsored, the team must find another appropriate audience such as a regional ASEE or IEEE conference.
Documentation:
A project proposal is developed during the fall semester. An initial proposal is due mid-semester, comprising several major portions of the final report. The final proposal is due at the end of fall semester. The final report summarizes the project in the spring. Details of all these reports are in the syllabus.
An electronic archive including all of the team's reports, PowerPoint files, drawings, videos, and poster files must be turned in at the end of spring semester. Some advisors, reflecting prior practice on the department capstone course, add a documentation requirement such as the creation of a project website (ECCS). The advisor-generated documentation grade is based on all of these items plus the timely completion of weekly email reports and the project notebook.
Results
As a work in progress, this course is still in transition, but the fundamental goal has been achieved. Multidisciplinary groups -indeed all groups -now have a common schedule and a common set of requirements.
The new process represents a relatively minor adjustment for the ME and ECCS departments, but a major one for the CEE department. In fact, the ME and ECCS department chairs had already worked for several years to synchronize their schedules and, to some extent, team deliverables. 2 The CEE department did not formerly assign projects until the fall semester; now this schedule is pushed to the spring of the junior year. The one-hour CEE Design Seminar course has been temporarily suspended to make space in the curriculum for the new experiential course in the fall (due to a credit hour cap). Thus, until a curriculum revision can again make space for this course, fall semester instruction on the design process falls to the individual faculty advisors.
Another result of the unified capstone experience is that a more-uniform language and design process is possible throughout the college curriculum. There are many ongoing efforts at ONU and elsewhere in engineering education to reinforce the design process throughout the curriculum. Consistent expectations in capstone can help make this easier in earlier courses, witnessed by a recent discussion initiated by the coordinators of the Introduction to Engineering first-year courses common to all engineering majors. 25 These coordinators were concerned that the concepts of project "constraints" and "criteria" taught in the Intro class were not consistent with how the terms were being applied in capstone.
A CEE faculty member was further concerned that the term "criteria" was now used in that discipline in two entirely different and conflicting ways -one for the regulatory codes to which all designs must adhere, and one for a set of metrics by which different designs may be evaluated against one another. Representatives from all departments agreed on a consistent definition of "constraints" and replaced the word criteria with "evaluation metrics," both terms and concepts which can now be uniform throughout the college.
Several challenges remain. Further reconciliation of the course documents is necessary to meet the needs of both prototype and system design projects. Rubrics must be generated to ensure consistent evaluation of teams' written reports by faculty advisors. There must also be an accountability mechanism created for the individual advisors. The online student course evaluation questions are not well-suited for a project course, and all of the feedback comes back to the coordinator. Comments meant for a particular advisor are often not accompanied by the advisor's name, and are thus ineffective. The coordinator and Capstone Committee must also work to educate faculty on the new capstone expectations, and should generate grading rubrics to ensure consistent evaluation of written reports by the faculty advisors.
Communication is always a challenge, especially during the transition to the new course format. Since this project course has no common meeting time, students must pay attention to the requirements outlined in the syllabus and the reminder emails from the course coordinator. Twenty-four different faculty advise the teams, and many of them are not yet familiar with the details in the 13-page syllabus. The Capstone Coordinator makes some announcements in the college faculty meeting, and copies advisors on all capstone-related emails, but it is not uncommon for the students to be more familiar with the schedule or requirements than their advisors.
In the first year under the new format, five out of 26 projects have members from multiple departments. This is one fewer than the previous year, but this is chiefly attributed to the relatively low enrollment in the electrical and computer engineering majors in these classes. A number of electrical-, electronic-, or programming-intensive projects have recently been completed by teams with only mechanical engineers, though these students were begging for (and sometimes paying for) help from their ECCS colleagues. It is anticipated that the rebounding enrollment in the ECCS disciplines will enable more of these projects to benefit from a multidisciplinary team. The common course will certainly facilitate increased collaboration with the civil engineering students, also; two joint CEE/ME projects are already proposed for next year.
Conclusions
The implementation of multidisciplinary capstone projects at ONU was hindered by the varying schedules and requirements of the separate departmental capstone courses. College faculty voted unanimously to drop these disparate courses in favor of a single course to govern the projectbased portion of capstone design. The new course was created, enrolling 100 students in its first offering this year. Now in the first year under the new format, five out of 26 projects have members from multiple departments. This is lower than some years in the past, but due only to a recent lower number of ECCS seniors to share with other departments. The multidisciplinary teams have enjoyed a consistent set of requirements which were more or less clear from the beginning of the year. Some work remains for the college Capstone Committee, helping departments adjust to the new system and further reconciling the requirements and arbitrating the expectations of college faculty.
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